Geomagnetic field (GMF) intensity can be used by some animals to determine their direction and 2 position during migration. However, its role, if any, in mediating other migration-related phenotypes 3 remains largely unknown. Here, we simulated variation in GMF intensity between two locations 4 along the migration route of a nocturnal insect migrant, the brown planthopper Nilaparvata lugens, 5 that varied by ~5 μ T (GMF 50μT vs. GMF 45μT ) in field intensity. After one generation of exposure, we 6 tested for changes in key morphological, behavioural and physiological traits related to migratory 7 performance including wing dimorphism, flight capacity and positive phototaxis. Our results showed 8 that all three morphological and behavioural phenotypes responded to a small difference in magnetic 9 field intensity between the simulated northern vs. southern locations in ways expected along the 1 0 migratory route. Consistent magnetic responses in the expression of the phototaxis-related 1 1
1 1 1 field and considering that N. lugens would not all emerge on the same day, ten female or male adults 2 of the same post-emergence age (D1, D2 or D3) were randomly selected from GMF 50μT or GMF 45μT 3 treatments and assigned to each channel of the phototaxis testing apparatus under corresponding 4 magnetic field conditions at 1745 hours (allowing 15 min for acclimation). The positive phototaxis 5 testing procedure used was the same as in [9] except that insects that failed to move to the light the 6 night before were not re-tested in this study. The final sample size for each D1-D3 test group was at 7 least 90 (see sample sizes in the figure legends). To compare flight distances between the two GMF 8 treatments, an infrared-beam based 8-channel flight mill system was constructed primarily with clear 9 acrylic plexiglass to avoid any anomalies triggered by ferromagnetic materials (granted patent: 1 0 ZL201620774681.1). The rice planthoppers could make a circular flight (diameter: 120 mm) while 1 1 affixed to flight arm made from twisted copper wire (diameter: 2 mm) with the vertical axis for the 1 2 attachment of the adult's with as previously described [9] . Eight insects could be tested per night.
3
An equal number of adults from each GMF treatment were randomly distributed to corresponding 1 4 flight mills at 1745 hours (allowing 15 min for acclimation). Any insects that appeared unhealthy or 1 5 escaped from their flight arms were excluded for further analyses. A total of fifteen 2-day-old adult N. lugens of each sex were tested in each GMF treatment group. We selected the multifunctional Crys (Cry1 and Cry2) genes in 1 to 3-day-old macropterous unmated 1 9 adults for transcript expression analysis by quantitative real-time polymerase chain reaction 2 0 (qRT-PCR) using Arginine kinase and alpha 2-tubulin as reference genes. Nine biologically 2 1 independent pools containing ten adults were frozen at the same time of 1800 hours in liquid 2 2 nitrogen (collected at 1745 hours and acclimated for 15 min) for each group divided by sex, 2 3 magnetic field intensity and age, just before conducting the positive phototaxis experiment. Total RNA isolation, quality control, and concentration determination for total RNA, cDNA synthesis, and 2 5 7 qRT-PCR were conducted as previously described [9] . Primer information can be found in the 1 supplementary material (table S1). The content of primary flight fuels, including triglyceride 2 (Jiancheng Bioengineering Institute, Nanjing, China) and trehalose (Suzhou Comin Biotechnology 3 Co. Ltd., Suzhou, China) [33, 34] , in nine biologically independent pools containing ten 2-day-old 4 adults for each group frozen at the same time of 1800 hours in liquid nitrogen (collected at 1745 5 hours and acclimated for 15 min) just before the flight capacity test, was also determined using 6 commercially available test kits. homogeneity of variances (P > 0.05), before an analysis of variance (ANOVA). In this study, all 1 3 variables were separated by sex to investigate the main effect of GMF intensity. Therefore, we didn't 1 4 take sex as a fixed factor in GLM, and no post-hoc multiple comparison tests for the sampling time 1 5 or test day were performed. We used a two-sided Cochran-Mantel-Haenszel test to investigate the 1 6 association between GMF intensity (GMF 50μT or GMF 45μT ) and positive phototaxis stratified by test 1 7 day (D1, D2, D3), and a two-way ANOVA to analyze the effects of the GMF intensity, sampling time was performed to detail the association between GMF intensity and the positive phototaxis for 2 2 females or males during the three test days. If a significant effect of GMF intensity or of interactions 2 3
between the GMF intensity and sampling time was found on the gene expression levels, we used 2 4
follow-up one-way ANOVA to compare the means for GMF 50μT and GMF 45μT at α = 0.05. A higher macropterous ratio, reflecting more migratory phenotype adults, would be expected in the 1 4
northern habitats that must be colonized by annual immigration and experience higher GMF reproduction that is commonly observed in migratory animals [31] . For N. lugens, the relative During the initial phase of migration, temporary inhibition of positive phototaxis was reported in 1 2 N. lugens [37, 38] . In the first three days after eclosion that we monitored, unmated macropterous 1 3
adults showed significantly weakened positive phototaxis under GMF 50μT vs. GMF 45μT 1 4 (OR = 0.61, 95% CI: 0.50-0.76, P < 0.001, w = 0.11). Compared with GMF 45μT , the higher GMF 50μT
1 5 that would be experienced at northern sites significantly decreased the percentage of unmated 1 6 macropterous females and males that moved towards the light (λ = 320-680 nm) by 30.39% (X 2 1, 1 7 660 = 7.05, P = 0.008, w = 0.11; figure 2a ) and 19.49% (X 2 1, 880 = 7.92, P = 0.005, w = 0.10; figure 2b) 1 8 during the first 3 days, respectively. Specifically, we found that GMF 50μT significantly decreased the between GMF 50μT vs. GMF 45μT by one-way ANOVA (c-f) for each test (sampling) day at p < 0.05. expression levels were observed in 2-(-30.78%; F 1, 16 = 6.10, P = 0.025, partial η 2 = 0.28) and
1 5
3-day-old (-34.09%; F 1, 16 = 7.00, P = 0.018, partial η 2 = 0.30; figure 2c) females as well as 1-1 6 (-26.67%; F 1, 16 = 6.19, P = 0.024, partial η 2 = 0.28) and 3-day-old (-32.17%; F 1, 16 = 7.76, P = 0.013, 1 7 partial η 2 = 0.33; figure 2d ) males under GMF 50μT vs. GMF 45μT . Significantly down-regulated Cry2 1 8 expression was also found in 2-day-old females (-52.86%; F 1, 16 = 29.36, P <0.001, partial η 2 = 0.65; 1 9
figure 2e) and 3-day-old males (-35.24%; F 1, 16 = 16.75, P = 0.001, partial η 2 = 0.51; figure 2f) adults. Cry1 is known to be involved in magnetosensing, it is possible in N. lugens Cry1 functions by itself 2 3
for magnetoreception [1, 3, 4] . The magnetic response of positive phototaxis we found here is likely 2 4
to be a result of interactions between the roles of Drosophila-like Cry1 in phototaxis and 2 5 1 4 magnetoreception [1, 3, 4, 40] , even though Cry2 may also function in a complex with 1 photoreceptors or downstream in magnetoreception signaling [42] . Moreover, given that Cry2 is a 2 component of the core circadian clock and it is reported that circadian clock is sensitive to changes in 3 magnetic field intensity [11, 43] , a Cry2 function as a potential timing mechanism for migration 4 based on GMF intensity might also exist [44] . 
